and creation of a sustainable clinical research infrastructure that supports treatment development.
A CASE STUDY: THE FACE OF YOUTH-ONSET TYPE 2 DIABETES
R.Y., an 11-year-old youth of American Indian heritage, was diagnosed with type 2 diabetes during a routine school physical exam. Her mother had recently moved the family from a stressful urban environment of domestic violence, financial distress, frequent school changes, unstable housing, and lack of consistent parental supervision back home to her childhood community. Before the move, R.Y. had developed poor school performance, oppositional behavior, and severe weight gain. R.Y.'s mother wondered if R.Y.'s diabetes diagnosis was due to gestational diabetes mellitus, witnessing physical abuse, or social inequalities. The return to the Native American community benefitted R.Y., with improvements in R.Y.'s school performance, relationships, and disciplinary issues, as well as improvement in family cohesion. However, the family continued to face barriers to adopting a healthy lifestyle: long drives to school, a health clinic, or grocery store; financial strains; and few safe outdoor areas. R.Y. exemplifies the complexity of the social milieu common to youth with type 2 diabetes (2).
EPIDEMIOLOGY
The incidence of type 2 diabetes in youth has increased dramatically over the past 20 years. In the U.S., estimates are as high as 5,000 new cases per year (3) . Prevalence increases with age, tripling from age 10-14 years to 15-18 years (4) . Although rates in adult men and women are similar, adolescent girls, for reasons that remain unclear, have a 60% higher prevalence rate than boys (4) . Disadvantaged racial/ethnic groups are at higher risk of disease at all ages, but the association is especially strong in youth (4) (Fig. 1) .
Indigenous children around the world bear the greatest burden of youth-onset type 2 diabetes (5). American Indians have the highest rates of youth-onset type 2 diabetes in the U.S. (6) . Moreover, in the SEARCH for Diabetes in Youth (SEARCH) study, a populationbased registry of youth with diabetes from five representative U.S. catchment sites, nearly half of American Indian youth with diabetes had an A1C .9.5% (7) . Available global data indicate considerable variation in incidence and prevalence, depending on ethnicity and geographical region. Rates of youthonset type 2 diabetes are lowest in Europe. The increasing incidence reported in China and India is of particular concern, given their large populations (8, 9) .
PATHOPHYSIOLOGY
The Treatment Options for type 2 Diabetes in Adolescents and Youth (TODAY) study was a multicenter trial that examined the durability of glycemic control in 699 U.S. youth randomized to metformin, metformin plus rosiglitazone, or metformin plus an intensive lifestyle intervention for up to 6 years, while also providing pathophysiological insight into the disease (10, 11) . Surprisingly, loss of glycemic control was rapid in many of the participants, despite a mean baseline diabetes duration of only 7.8 months. Lower initial b-cell reserve and higher A1C following initiation of metformin were significant independent predictors of loss of glycemic control (12, 13) .
A decline in b-cell function also occurs in adults with type 2 diabetes, though not as rapidly as in youth (Fig. 2) (11,  14-16 ). In particular, the rate of loss of (4) . Prevalence is reported per 10,000 population at risk for type 2 diabetes (ages 10-19 years). AA, African American; AI, American Indian; API, Asian Pacific Islander; H, Hispanic; NHW, nonHispanic white.
glycemic control on either metformin monotherapy or combination therapy with rosiglitazone in TODAY appears to be three-to fourfold higher than published rates in adults. Although the studies in Fig. 2 had different primary end points and lacked head-to-head prospective evaluations, the outcomes suggest that b-cell failure may be more rapid in youth than in adults. Thus, efforts are needed to preserve b-cell function in youth before significant deterioration occurs.
PUBERTY
Puberty is associated with significant changes in physiology, including a transient reduction in insulin sensitivity by ;50% in lean, healthy children as they enter puberty (17) . To compensate, insulin secretion must increase reciprocally, which may lead to hyperglycemia in youth with limited b-cell capacity due to genetic, epigenetic, and/or lifestyle factors. Thus puberty, similar to pregnancy, creates a high-risk time for diabetes development in susceptible individuals. Furthermore, reminiscent of gestational diabetes mellitus, diabetes onset during puberty may be reversible in some youth due to the dynamic nature of the underlying insulin resistance. Other potentially modifiable risk factors influencing insulin sensitivity include adiposity, diet, physical activity, sleep, and stressdall markedly abnormal in youth-onset type 2 diabetes (18, 19) .
COMPLICATIONS
Diabetes duration and glycemic control are closely associated with the development of microvascular complications in type 1 diabetes and in adult-onset type 2 diabetes. However, evidence of microvascular complications and risk markers for macrovascular complications are often present at the time of diagnosis of type 2 diabetes in youth. At enrollment into the TODAY study, 14% of participants had a blood pressure at the 95th percentile or greater, 13% had microalbuminuria, 80% had a low HDL cholesterol level, and 10% had high triglycerides (18) . Similarly, in Canadian First Nations youth with type 2 diabetes, 37% had elevated triglycerides and apolipoprotein B levels and 12% and 14% of male and female youth, respectively, had systolic blood pressure greater than the 95th percentile (20) .
Rapid progression of complications is also seen; current evidence in First Nations youth with type 2 diabetes shows that renal and neurological complications begin to appear within 5 years of diagnosis, and major complications (dialysis, blindness, or amputation) start to manifest 10 years after diagnosis (21, 22) .
In the TODAY study, 10% of female adolescents became pregnant during the first 6 years of the study despite an aggressive program of preconception counseling and access to birth control (23) . When adolescents with type 2 diabetes become pregnant, fetuses are exposed to the metabolic consequences of diabetes that likely contribute to an increased risk of type 2 diabetes and earlier age of diagnosis in the offspring (24, 25) . Moreover, in the TODAY study ;30% of pregnancies were complicated by preterm birth or fetal malformation.
PSYCHOSOCIAL ASPECTS AND CARE DELIVERY
The World Health Organization defines the social determinants of health as "the conditions in which people are born, grow, work, live, and age," which are "the fundamental drivers" of many health conditions (26). Socioeconomic status (SES), as determined by income, education, and employment, among other factors, is the primary social determinant of health impacting youth and families living with type 2 diabetes. Egerter et al. (27) documented how parental educational attainment affects the health of all family members through impacts on the parents' insurance options, the safety and social support available, choices for housing, and opportunities for healthy eating and physical activity in the neighborhood. In 50% of the TODAY study families, the highest educational level attained by a parent was a high school diploma or less (18) . Globally, many populations at high risk for youth-onset type 2 diabetes also have high rates of poverty and low parental educational attainment (28) .
McEwen and Stellar (29) introduced the concept of "allostatic load" to describe how chronic exposure to social and environmental stressors negatively impact body weight, metabolism, blood pressure, and the sympathetic nervous system. Genetics also plays a role in individual vulnerability or resilience to SES adversity, and, conversely, social factors can alter whether a gene is expressed or suppressed through epigenetic pathways (30, 31) .
Youth with type 2 diabetes and their family members experience multiple stressors in their daily lives. However, stress and other social determinants are poorly addressed in standard medical care (32) . Alternate models of care delivery are likely needed to address stress and will require broad and intensive intervention (33) .
LIFESTYLE, COMMUNITY, AND COORDINATED INTERVENTIONS FOR THE PREVENTION AND TREATMENT OF YOUTH-ONSET TYPE 2 DIABETES
Lifestyle intervention is considered the first-line treatment for type 2 diabetes in adults. However, most pediatric lifestyle intervention studies have focused on youth affected by obesity or prediabetes (34) (35) (36) , not specifically on youth with type 2 diabetes. The majority of interventions have examined individuallevel behavior modification, targeting diet and/or physical activity with classic health education and social-cognitive models. The TODAY study is the only trial to date combining lifestyle and drug therapy in youth with type 2 diabetes (11).
Bright Bodies Weight Management Program for Children, an intensive 12-month behavior modification intervention in obese youth without diabetes, demonstrated significant treatmentinduced reductions in BMI, total cholesterol, and insulin resistance estimated by HOMA of insulin resistance; results were sustained at 12-month postintervention (37) . In addition, when applied over 6 months to youth with prediabetes, Bright Bodies showed significantly more reduction in 2-h glucose compared with standard care participants (38) . However, among children already diagnosed with type 2 diabetes, the evidence for lifestyle intervention effects is limited and less clear. In the TODAY study, lifestyle strategies in combination with metformin therapy did not perform better than metformin alone in delaying progression of hyperglycemia (11) .
Given the complex social and environmental context surrounding youth with type 2 diabetes, individual-level lifestyle interventions may not be sufficient to target the complex interplay of family dynamics (39) , mental health (40, 41) , community readiness (42) , and the broader environmental system (43) . The few pediatric obesity interventions to date with psychosocial outcomes have reported mixed findings, including decreased anxiety (44) and improved psychosocial functioning and social performance (45) but no change in perceived or measured stress (46) . One alternate model of pediatric care delivery, the patient-centered medical home, is designed specifically to address the social context of patient care (32) by including three key componentsdcomprehensive, interdisciplinary care; patient/family-centered care; and coordinated caredwith all health and community resources housed under one roof. A related approach is to increase community readiness by assessing a community's self-identified needs, mobilizing community leaders and internal and external resources, increasing public knowledge, and cultivating a sense of priority in the community (47). Environmental strategies could target community access to healthy foods, physical activity, and health care (48,49). Importantly, community engagement and cocreation of both the content and implementation of interventions may be key to effective and sustained impact (50,51).
ADDITIONAL KNOWLEDGE GAPS IN YOUTH-ONSET TYPE 2 DIABETES
Further limiting the development of best practices for evaluating and treating youth-onset type 2 diabetes are gaps in our understanding of normal and abnormal glucose metabolism during adolescence and development of complications and the long-term outcomes of youth-onset type 2 diabetes (Table 1) . Indeed, even the definitions of prediabetes and type 2 diabetes in youth are not evidence based, as they have simply been extrapolated from glycemic indices predicting microvascular complications in adults. Dysglycemia appears to be transient in some youth, who may not need long-term drug treatment, and others rapidly lose glycemic control on oral monotherapy and require multipledrug treatment (52) . Given this heterogeneity, algorithms to predict disease trajectory would enable customized approaches to patients.
Research is needed to better understand what diabetes complications may require pediatric-specific approaches. Nonalcoholic fatty liver disease occurs in both youth and adults with type 2 diabetes (53), but the pathological phenotype is unique and appears more aggressive in youth. The kidney function measures for adults are inappropriate for youth (54) , and little is known about the long-term outcomes for youthonset dyslipidemia, hypertension, kidney disease, nonalcoholic fatty liver disease, and cardiovascular dysfunction (55) . The impact on glycemic control of the sleep abnormalities endemic among adolescents is also unknown (56) .
RECRUITMENT CHALLENGES IN CLINICAL AND TRANSLATIONAL RESEARCH
Despite the development of more than 10 different classes of antidiabetes medications since the U.S. Food and Drug Administration (FDA) approval of sulfonylurea agents in 1984, metformin remains the only oral medication approved for use in children today (57, 58) . Although numerous formulations of insulin are commonly used in youth-onset type 2 diabetes, they have not been studied for the specific indication of pediatric type 2 diabetes. FDA regulations require a commitment from pharmaceutical sponsors to complete an assessment of safety and efficacy in pediatric patients for all new active ingredients, indications, or dosage forms as a condition of new drug approval (with similar mandates in Europe) (http://www.fda.gov/downloads/drugs/ guidancecomplianceregulatoryinformation/ guidances/ucm079756.pdf). Therefore, numerous new drug pharmacokinetic studies and safety and efficacy trials in youth-onset type 2 diabetes are currently under way or are committed by pharmaceutical sponsors as a prerequisite for new drug approval in adults. However, the mandated pediatric trials are having substantial difficulty completing enrollment. As a consequence, individuals with youth-onset diabetes have benefitted minimally, if at all, from the development of new therapeutic agents. Barriers to study execution include the small number of available study participants, restrictive study eligibility criteria, small number of research sites with dedicated resources for pediatric type 2 diabetes trials, socioeconomic challenges inherent in the affected population, and growing number of trials competing for the limited pool of available patients (Fig. 3) .
Why have so many diabetes drugs been studied, yet none approved for use in children? The answer is as complex as the environment in which youthonset type 2 diabetes occurs. Clinical trial recruitment for youth with type 2 diabetes is a relatively new endeavor and has had limited success (59-61). As an example of the challenges in recruitment in youth-onset type 2 diabetes, the SEARCH study aimed to register pediatric patients with both type 1 and type 2 diabetes. Yet, despite the same wellfunded, full-time, dedicated research staff, the case ascertainment time from diagnosis was two times longer in youthonset type 2 diabetes than in type 1 diabetes (62) . Similarly, the duration of the TODAY study recruitment had to be extended substantially, and although the well-funded, full-time TODAY research staff were ultimately successful in randomizing 699 youth, recruitment took 5.5 years (18) . Recruitment for pharmaceutical trials has been even less successful due to the interaction between specific regulatory requirements, need to demonstrate reduction in the glycemic surrogate A1C, and realities of youth-onset type 2 diabetes (18) . For example, entry criteria, such as the typical 7-10% A1C ranges, often do not reflect the trajectory of youth-onset type 2 diabetes. As noted previously, the population of youth with type 2 diabetes appears to be heterogeneous, with two large subsets and a bimodal distribution. One subset has durable normalization of glycemia on initial monotherapy with A1C in the nondiabetic range, while another group has a rapidly progressing course and very elevated values requiring insulin treatment. Thus, only a small number of individuals remain in the range typical of pharmaceutical trial inclusion criteria, an A1C .7.0% on treatment with diet/ exercise or metformin monotherapy. The Pediatric Diabetes Consortium Type 2 Diabetes Registry (63) demonstrated that this criteria alone excludes ;87% of potentially eligible participants. More recently, some trials have changed the criteria to allow participants on a stable dose of basal insulin who have an A1C $6.5% and #10.5%. Although an improvement, these eligibility criteria still exclude ;53% of potential participants, as 38% of patients included in the registry have an A1C ,6.5% and 15% have an A1C $10.5% (63). Exclusion criteria seen in some trials, such as elevated liver enzymes, prior ketoacidosis, or common comorbid conditions, can further restrict the eligibility pool.
The rationale for excluding participants with an A1C ,6.5% in pharmaceutical trials is a consequence of the glucocentric A1C-lowering design and the recognition that it may be difficult to lower A1C further in patients with already well-controlled diabetes, as well as outstanding questions regarding the benefit of further lowering of A1C. However, this approach fails to take into consideration the observation that a substantial proportion of youth initially in good glycemic control ultimately often fail to maintain glycemic control (11,64) within a relatively short time period. Therefore, studies of add-on therapy could include adolescents with A1C ,6.5% on metformin because many would be expected to show an abrupt increase in A1C over time while on metformin alone. The superiority of an add-on medication could then be tested in its ability to prevent the loss of glycemic control.
U.S. (FDA) and European (European Medicines Agency) pediatric type 2 diabetes investigation plans historically required a stand-alone pharmacokinetics/ pharmacodynamics (PK/PD) study and a phase III efficacy and safety study. This approach substantially increases both the number of participants and the time to completion required. However, the results of stand-alone PK/PD studies to date indicate that the PK properties of diabetes drugs in adolescent patients with type 2 diabetes are not significantly different from those in adults (64). As a result, more recent pediatric study plans have waived the need for a stand-alone PK study and instead confirmed exposure of the predicted dose through sparse sampling of PK parameters embedded within the pivotal pediatric safety and efficacy study, allowing for more rapid progress. However, some recent phase III study plans continue to require the analysis of the safety and efficacy of different doses of the experimental drug, again increasing the number of required participants.
The clinical presentation of new-onset type 2 diabetes is another barrier. Youth with new-onset type 1 diabetes typically require urgent attention and families eagerly seek opportunities to participate Barriers to clinical trial participation include the paucity of centers with dedicated resources for pediatric type 2 diabetes trials, SES challenges inherent to the population, and the many study entry requirements that exclude study eligibility before and after formal study screening procedures (69) . T2D, type 2 diabetes. *Numbers are from Imperatore et al. (69) .
in clinical research in hopes of finding a cure. In contrast, the majority of youth with type 2 diabetes have subtler initial symptoms; many families express relief at what is perceived as a familiar and less severe form of diabetes. Insulin, if started initially, is often stopped, adding to the perception of a milder disease. As a result, families may be less likely to accept the potential risks of an experimental medication. Furthermore, studies must recruit youth quickly to stay within the pediatric age range of ,18 years for eligibility yet may also have to wait for the youth to fail initial metformin monotherapy.
As mentioned previously, the SES challenges (65,66) of families of youth with type 2 diabetes decrease the ability to obtain clinical care or prioritize research participation. In addition, families with an existing high burden of diabetes-related disease often have fatalistic beliefs regarding the inevitable progression of diabetes. This perception further decreases the motivation to sustain consistent medical care or participate in research, and youth are often lost to follow-up within a year of diagnosis. Past history of ethical maltreatment of certain ethnic groups in research also creates attitudes of distrust and apprehension among family members. The high risk for losing contact, combined with early rapid deterioration of b-cell function, creates missed opportunities to recruit youth who meet study eligibility criteria.
SOLUTIONS
Given the realities of the epidemiology, biology, and SES characteristics of youth-onset type 2 diabetes, as well as the experience of clinical research to date, progress in understanding the pathophysiology of the disease in youth and successful completion of clinical trials for this population will require (60) , and elimination of low-priority trials, such as fixeddose combinations or new dosage formulations. 9. Harmonization of national and international regulatory guidelines to ensure inclusion of diverse populations, broad relevance of the results, and improved efficiency in protocol approval.
